Introduction
============

Hepatoblastoma is the most common primary liver tumor in children aged \<5 years old ([@b1-etm-0-0-5594]). It primarily affects males and is rarely present in adults ([@b2-etm-0-0-5594]), and accounts for 80% of all liver tumors in children ([@b3-etm-0-0-5594]). In the 1970s, surgical resection was the primary method used to treat hepatoblastoma; however, complete removal of tumor was often unsuccessful and tumor metastasis often occurred ([@b4-etm-0-0-5594]). Currently, surgery with neoadjuvant chemotherapy is used to treat hepatoblastoma ([@b5-etm-0-0-5594]). It has been reported that chemotherapy causes \~90% of hepatoblastomas to shrink and also inhibits tumor growth ([@b6-etm-0-0-5594]). However, the chemotherapy drugs commonly used for neoadjuvant chemotherapy, including cisplatin and doxorubicin, induce certain cytotoxic effects and may cause neutropenia ([@b7-etm-0-0-5594],[@b8-etm-0-0-5594]). Thus, a novel effective chemotherapy drug to treat hepatoblastoma is required.

Apoptosis serves an important role in stabilizing the internal environment ([@b9-etm-0-0-5594]). Under normal conditions, cellular apoptosis is tightly regulated to maintain the stability of tissues and organs. An imbalance of apoptosis can lead to the overgrowth of cells or excessive cell death ([@b10-etm-0-0-5594]). Thus, apoptosis is an important pathway that leads to cell death ([@b11-etm-0-0-5594]). It has been demonstrated that the apoptotic pathway includes the Fas-FasL, mitochondrial and endoplasmic reticulum stress pathways ([@b12-etm-0-0-5594]--[@b14-etm-0-0-5594]) and the induction of apoptosis is a common clinical strategy used to treat cancer ([@b15-etm-0-0-5594],[@b16-etm-0-0-5594]). A large number of drugs, including paclitaxel, chidamide and dihydromyricetin, induce the apoptosis of cancer cells by targeting different pathways ([@b17-etm-0-0-5594]--[@b19-etm-0-0-5594]). However, natural medicines or their modified products are being increasingly investigated for their ability to treat patients with cancer.

20(S)-Protopanaxadiol (PPD; [Fig. 1](#f1-etm-0-0-5594){ref-type="fig"}) is an active ginseng metabolite and is the final form of protopanaxadiol saponins metabolized by human intestinal microflora ([@b20-etm-0-0-5594]). 20(S)-PPD exhibits various effects, including antidepressant, antioxidant and anti-fatigue effects ([@b21-etm-0-0-5594]--[@b24-etm-0-0-5594]). It has been demonstrated as a potent cytotoxic agent *in vitro* in human cancer cell lines, including the human breast cancer cell line MCF-7, the human lung adenocarcinoma cell line A549 and the human prostate cancer cell line LNCaP ([@b25-etm-0-0-5594]--[@b28-etm-0-0-5594]). One of the mechanisms of 20(S)-PPD\'s cytotoxic effect is to induce apoptosis ([@b25-etm-0-0-5594]). However, to the best of our knowledge, the mechanism by which 20(S)-PPD induces cytotoxicity in hepatoblastoma has not yet been determined. Therefore, the current study investigated the cytotoxic mechanism of 20(S)-PPD in hepatoblastoma HepG2 cells.

Materials and methods
=====================

### Cell culture and reagents

Human hepatoblastoma HepG2 cells were obtained from the Shanghai Institute of Cell Biology, Chinese Academy of Sciences (Shanghai, China). HepG2 cells were cultured in RPMI-1640 (Gibco; Thermo Fisher Scientific; Waltham; MA; USA) with 10% fetal bovine serum (Zhejiang Tianhang Biotechnology Co., Ltd., Huzhou, China). 20(S)-PPD was provided by Hainan Asia Pharmaceutical Co. Ltd., (Hainan, China). The purity of 20(S)-PPD used in experiments was \>95%, as determined by high performance liquid chromatography (Agilent 1100), with a Zoebax Extent C~18~ column (250×4.6 mm, 5 µm) (both, Agilent Technologies, Inc., Santa Clara, CA, USA) at 25°C, methanol and water (90:10) was used as the mobile phase, the flow rate was 1.2 ml/min and the sample quantity was 10 µl). The DAPI staining and caspase activity assay kits were purchased from Beyotime Institute of Biotechnology (Haimen, China). An Annexin V-FITC apoptosis detection kit was obtained from Tianjin Sungene Biotech Co., Ltd. (Tianjin, China). MTT and all other reagents were purchased from Sigma-Aldrich; Merck KGaA (Darmstadt, Germany). The primary antibodies against cleaved caspase-3 and cleaved caspase-9, poly (ADP-ribose) polymerase (PARP), cleaved-PARP (also detected by the primary PARP antibody), Bcl-2, Bax and Phospho-Akt Pathway Antibody Sampler kit were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA). The primary antibody against β-actin was purchased from Beijing Zhongshan Jinqiao Biotechnology Co., Ltd. (Beijing, China). The goat-anti-mouse secondary and goat-anti-rabbit secondary antibodies were purchased from Beijing Dingguo Changsheng Biotechnology Co., Ltd. (Beijing, China).

### Cell treatment

Cells were treated with different concentrations of 20(S)-PPD (6.25, 12.5, 25, 50 and 100 µM) in an MTT assay. Cells were administered with 40, 50 and 60 µM 20(S)-PPD prior to DAPI staining, flow cytometry and western blot analysis. Equal volumes of 10% FBS 1640 medium without 20(S)-PPD was used for the control group.

### MTT assay

The HepG2 cell line was plated in 96-well plates (5×10^4^/ml) and incubated with RPMI-1640 medium containing 10% FBS for 24 h, at 37°C. Cells were then treated with different concentrations of 20(S)-PPD (6.25, 12.5, 25, 50 and 100 µM), control group cells were treated with equal volume RPMI-1640 medium containing 10% FBS. Following incubation for 20, 44 and 68 h at 37°C, 10 µl MTT solution (5 mg/ml in PBS) was added to each well and the each plate was incubated for a further 4 h at 37°C. The medium was removed from each well, crystals were resolved with dimethyl sulfoxide and the plate was shaken for 10 min to mix. Absorbance was read at 570 nm with using a microplate reader (SpectraMax Plus 384; Molecular Devices, LLC, Sunnyvale, CA, USA). Cell viability was determined by the ratio of treatment group/control group. The half-maximal inhibitory concentration (IC~50~) was calculated from the dose-response curve using Origin 8.0 software (Origin Lab Corporation, Northampton, MA, USA).

### DAPI staining

HepG2 cells (4×10^5^/ml) were seeded on coverslips with 40, 50 and 60 µM 20(S)-PPD for 24 h at 37°C, 10% FSB 1640 medium was used for the control group. Coverslips were washed twice with PBS, fixed in 4% paraformaldehyde for 30 min at room temperature. permeabilized with 0.1% Triton X-100 and stained with 2 µg/ml DAPI for 10 min at room temperature. Cells were then observed under a fluorescence microscope (Nikon TE-2000U; Nikon Corporation, Tokyo, Japan).

### Flow cytometry

Apoptosis induced by 20(S)-PPD in HepG2 cells was quantified by staining with Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI). Following 20(S)-PPD treatment, HepG2 cells were collected and washed twice in ice cold PBS. Cells were then resuspended in 300 µl binding buffer containing 1 µg/ml PI and 0.05 µg/ml Annexin V-FITC. Samples were incubated for 15 min at room temperature in the dark and analyzed using a flow cytometer and CellQuest^™^ Pro (version 6.0) software (BD Biosciences, Franklin Lakes, NJ, USA).

### Western blot analysis

Following treatment with different concentrations (40, 50 and 60 µM) of 20(S)-PPD, protein from HepG2 cells was extracted by a radioimmunoprecipitation assay buffer containing 1% phenylmethane sulfonyl fluoride (both Beijing Dingguo Changsheng Biotechnology Co., Ltd.), then proteins were determined using a BCA protein assay kit. Proteins (20 µg/lane) were then loaded onto a 12% polyacrylamide-SDS gel. The gel was subsequently blotted onto a PVDF membrane and blocked with 5% (w/v) non-fat milk for 1 h at room temperature. The membrane was then incubated with cleaved caspase-3 (cat. no. 9664S), cleaved caspase-9 (cat. no. 7237T), PARP (cat. no. 9532T), Bcl-2 (cat. no. 4223T), Bax (cat. no. 5023T), Akt and p-Akt (Ser 473) were from the Phospho-Akt Pathway Antibody Sampler kit (cat. no. 9916T) and β-actin (cat. no. TA-09) primary antibodies at 1:1,000 dilutions at 4°C overnight. Primary antibody binding was detected using a secondary antibody conjugated to horseradish peroxidase The goat-anti-mouse (cat. no. IH-0031) and goat-anti-rabbit (cat. no. IH-0011) secondary antibodies were used at 1:5,000 dilution at room temperature for 1 h, and visualized using a BeyoECL Plus enhanced chemiluminescence kit (Beyotime Institute of Biotechnology) ImageJ software (version 1.5.0.26; National Institutes of Health, Bethesda, MD, USA) was used for analysis.

### Statistical analysis

The results are expressed as mean ± standard deviation of three independent experiments. Statistical differences were evaluated using a Student\'s test or one-way analysis of variance with Tukey\'s post hoc test. P\<0.05 was determined to indicate statistically significant differences.

Results
=======

### Effect of 20(S)-PPD on HepG2 cell viability

Different concentrations of 20(S)-PPD (6.25, 12.5, 25, 50 or 100 µM) were administered to HepG2 cells for 24, 48 and 72 h. It was observed that the viability of HepG2 cells was decreased in a dose-dependent manner with increasing concentrations of 20(S)-PPD ([Fig. 2](#f2-etm-0-0-5594){ref-type="fig"}). This was clearest at 72 h. There was a significant reduction in cell viability at 6.25 µM 20(S)-PPD at 24 (94.10±2.031%) and 48 h (89.66±2.546%) compared with the control group. A significantly inhibition of cell viability was observed at 50 µM 20(S)-PPD at 24 (87.03±2.257%), 48 (72.55±3.304%) and 72 h (45.99±5.546%). These results indicate that 20(S)-PPD inhibited the viability of HepG2 cells in a dose- and time-dependent manner ([Fig. 2](#f2-etm-0-0-5594){ref-type="fig"}). The IC~50~ values were calculated as 81.35, 73.5, 48.79 µM in HepG2 cells at 24, 48 and 72 h by Origin 8.0. According to the IC~50~ values and morphology change of HepG2 the doses of 40, 50 and 60 µM 20(S)-PPD were selected for subsequent studies.

### Effects of 20(S)-PPD on HepG2 cell apoptosis

The present study attempted to elucidate whether the decrease in HepG2 cell viability induced by 20(S)-PPD was associated with apoptosis; therefore, morphological changes were identified using DAPI staining. The number of apoptotic bodies observed in the 20(S)-PPD treatment groups were markedly increased compared with the control group ([Fig. 3](#f3-etm-0-0-5594){ref-type="fig"}). Apoptotic cells exhibit typical changes, including shrinkage, chromatin condensation and karyorrhexis ([@b29-etm-0-0-5594],[@b30-etm-0-0-5594]).

Furthermore, the number of apoptotic bodies in the 20(S)-PPD treatment groups increased in a dose-dependent manner. The apoptosis rate induced by 20(S)-PPD was quantified using an Annexin V-FITC/PI assay. The proportion of Annexin V-FITC positive cells in the control group and 40, 50, 60 µΜ 20(S)-PPD treatment groups were 3.73, 17.61, 23.44 and 65.43%, respectively ([Fig. 4](#f4-etm-0-0-5594){ref-type="fig"}).

### Effects of 20(S)-PPD on apoptosis-associated proteins in HepG2 cells

The expression of cleaved caspase-3 and −9 were significantly increased in HepG2 cells following 20(S)-PPD treatment compared with the control group (all P\<0.05; [Fig. 5](#f5-etm-0-0-5594){ref-type="fig"}). Cleaved PARP expression was also measured following 20(S)-PPD treatment. PARP is a substrate of caspase-3. The cleaved PARP was also increased and this revealed that 20(S)-PPD activated caspase-3 in HepG2 cells.

The expression of the apoptosis associated proteins Bcl-2 and Bax was also measured. Compared with the control group, Bcl-2 expression was significantly decreased following treatment with 50 and 60 µΜ 20(S)-PPD, whereas the expression of Bax was increased following treatment with 40, 50 and 60 µM 20(S)-PPD ([Fig. 6](#f6-etm-0-0-5594){ref-type="fig"}). Furthermore, the ratio of Bcl-2/Bax was significantly decreased in a dose-dependent manner following treatment with 20(S)-PPD.

### Effect of 20(S)-PPD on the Akt pathway in HepG2 cells

The phosphoinositide-3-kinase/protein kinase B (PI3K/Akt) pathway is an anti-apoptotic pathway that confers a survival advantage and resistance in cancer cells to various types of anticancer therapies ([@b31-etm-0-0-5594],[@b32-etm-0-0-5594]). The effect of 20(S)-PPD on the PI3K/Akt pathway was investigated in the current study. The expression of phosphorylated Akt protein (Ser473) was significantly downregulated following treatment with 20(S)-PPD compared with the control; however, there was no effect on the expression of total Akt ([Fig. 7](#f7-etm-0-0-5594){ref-type="fig"}).

Discussion
==========

The results of our previous studies demonstrated that 20(S)-PPD induced apoptosis in MCF-7 cells via the caspase-mediated pathway and triggered apoptosis via the PI3K/Akt pathway in human lung adenocarcinoma A549 cells ([@b25-etm-0-0-5594],[@b26-etm-0-0-5594]). In the present study, the effect of 20(S)-PPD on hepatoblastoma HepG2 cells was evaluated. The results demonstrated that 20(S)-PPD inhibits the viability of HepG2 cells in a dose- and time-dependent manner and that the IC~50~ values were 81.35, 73.5 and 48.79 µM, respectively. The morphological characteristics of apoptosis, including the formation of apoptotic bodies, were detected in HepG2 cells treated with 20(S)-PPD. In addition, apoptosis induced by 20(S)-PPD was confirmed by Annexin V-FITC/PI staining. These results suggest that 20(S)-PPD inhibits the viability of HepG2 cells by inducing apoptosis.

Apoptosis is regulated by a series of signaling cascades under certain circumstances, including hypoxia stimulated by reactive oxygen species and DNA damage ([@b33-etm-0-0-5594],[@b34-etm-0-0-5594]). The caspase family serves an important role in the induction, transduction and amplification of intracellular apoptotic signals and the activation of caspase-3 is an irreversible stage in the mitochondrial pathway of apoptosis ([@b35-etm-0-0-5594],[@b36-etm-0-0-5594]). The mitochondrial pathway serves a central role due to its feedback loop and involvement in the majority of apoptosis pathways ([@b37-etm-0-0-5594]). In the mitochondrial pathway, the apoptotic protease-activating factor combined with Cytochrome *c* (Cyt *c*) activates caspase-9, which in turn, activates downstream caspase-3 ([@b38-etm-0-0-5594]). The activation of caspase-3 induces the cleavage of PARP, a well-known substrate of caspase-3 ([@b25-etm-0-0-5594],[@b39-etm-0-0-5594]). 20(S)-PPD promotes the activation of caspase-3 and caspase-9. In the present study, it was demonstrated that the increase in hydrolyzed PARP emphasized that 20(S)-PPD activated the cleavage of caspase-3 and caspase-9.

B-cell lymphoma-2 is a member of Bcl-2 family and serves a critical role in apoptosis ([@b40-etm-0-0-5594]). Bcl-2 family proteins are divided into two categories: Apoptosis inhibitors and apoptosis promoters ([@b41-etm-0-0-5594],[@b42-etm-0-0-5594]). It has been demonstrated that Bcl-2 binds with Bax and Bcl-2 homologous antagonist killer (Bak), inhibiting the anti-apoptotic effects of Bax and Bak ([@b43-etm-0-0-5594]). In the current study, 20(S)-PPD decreased Bcl-2 expression while increasing the expression of Bax, thus decreasing the Bcl-2/Bax ratio.

PI3K signaling serves an important role in cellular physiology and is involved in various physiological processes, including cell division, differentiation and apoptosis ([@b44-etm-0-0-5594]--[@b46-etm-0-0-5594]). The expression of PI3K is markedly increased in patients with cancer ([@b47-etm-0-0-5594]). Akt is a serine/threonine protein kinase that is encoded by the proto-oncogene c-Akt ([@b48-etm-0-0-5594]). The presence of the activating gene locus on Ser473 is necessary to completely activate Akt ([@b49-etm-0-0-5594]). It has been demonstrated that the regulation of PI3K/Akt signaling leads to the phosphorylation of a series of downstream signals, including proteins from the Bcl-2 and caspase families, leading to the induction of apoptosis ([@b50-etm-0-0-5594]). The Bcl2-associated agonist of cell death (Bad) belongs to Bcl-2 family and binds to Bcl-xl or Bcl-2 to induce apoptosis ([@b51-etm-0-0-5594]). Activated Akt phosphorylates Bad and p-Bad is depolymerized with Bcl-2, thus inhibiting the pro-apoptotic effect of Bad ([@b50-etm-0-0-5594],[@b52-etm-0-0-5594]). It has also reported that Bcl-2 and Bax not only act upstream of caspase-3 to regulate it ([@b53-etm-0-0-5594]) but are also direct substrates of caspase-3 ([@b54-etm-0-0-5594]). Phosphorylated Bad binds with 14-3-3 protein in the cytoplasm to block the release of Cyt *c* and inhibit caspase-3 cleavage, thereby inhibiting apoptosis ([@b55-etm-0-0-5594],[@b56-etm-0-0-5594]). In the current study, phosphorylated Akt protein (Ser473) was downregulated following 20(S)-PPD treatment and 20(S)-PPD inhibited the phosphorylation of Akt protein (Ser473). These results indicate that 20(S)-PPD may affect the PI3K/Akt pathway.

In conclusion, the results of the present study indicate that 20(S)-PPD increases the expression of Bax, activates casapase-9 and −3, and subsequently, induces apoptosis in human hepatoblastoma HepG2 cells. These results indicate that 20(S)-PPD may be developed as a potential treatment of hepatoblastoma in the future.
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![Chemical structure of 20(S)-Protopanaxadiol.](etm-15-02-1277-g00){#f1-etm-0-0-5594}

![Effect of 20(S)-PPD on HepG2 cell viability. HepG2 cells (5×10^4^/ml) were seeded in 96-well plates then treated with different concentrations (6.25, 12.5, 25, 50, 100 µM) of 20(S)-PPD for (A) 24, (B) 48 and (C) 72 h. Cell viability was determined using an MTT assay. Values are expressed as the mean ± standard deviation of three experiments. \*P\<0.05 vs. the control group. C, control group; 20(S)-PPD, 20(S)-Protopanaxadiol.](etm-15-02-1277-g01){#f2-etm-0-0-5594}

![Effect of 20(S)-PPD on morphological changes in HepG2 cells. HepG2 cells (4×10^5^/ml) were treated using (A) 0, (B) 40, (C) 50 and (D) 60 µM 20(S)-PPD for 24 h and then stained using DAPI. Magnification, ×100. Scale Bar, 100 µM. 20(S)-PPD, 20(S)-Protopanaxadiol.](etm-15-02-1277-g02){#f3-etm-0-0-5594}

![Effect of 20(S)-PPD on HepG2 cell apoptosis. HepG2 cells (4×10^5^ per ml) were treated using (A) 0, (B) 40, (C) 50 and (D) 60 µM 20(S)-PPD for 24 h and were then stained using Annexin V-FITC and PI for flow cytometry analysis. Apoptotic cells were on the top right panels of each image. 20(S)-PPD, 20(S)-Protopanaxadiol; FITC, fluorescein isothiocyanate; PI, propidium iodide.](etm-15-02-1277-g03){#f4-etm-0-0-5594}

![Effect of 20(S)-PPD on apoptosis-associated proteins in HepG2 cells. (A) HepG2 cells (4×10^5^ per ml) were treated using 0, 40, 50 and 60 µM of 20(S)-PPD for 24 h and the expression of cleaved caspase-3, cleaved caspase-9 and PARP were determined using western blot analysis. Quantification of western blot analysis for (B) cleaved caspase-3, (C) cleaved caspase-9 and (D) PARP (top, 116 kDa) and cleaved PARP (bottom, 89 kDa). All values are expressed as the mean ± standard deviation. \*P\<0.05 vs. the control group. C, control group; 20(S)-PPD, 20(S)-Protopanaxadiol; PARP, poly (ADP-ribose) polymerase.](etm-15-02-1277-g04){#f5-etm-0-0-5594}

![Effect of 20(S)-PPD on the Bcl-2 family in HepG2 cells. (A) HepG2 cells (4×10^5^ per ml) were treated using 0, 40, 50 and 60 µM of 20(S)-PPD for 24 h and the expression of Bcl-2 and Bax were determined using western blotting. Quantification of western blot analysis for (B) Bcl-2, (C) Bax and (D) Bcl-2/Bax. All values are expressed as the mean ± standard deviation. \*P\<0.05 vs. the control group. C, control group; 20(S)-PPD, 20(S)-Protopanaxadiol.](etm-15-02-1277-g05){#f6-etm-0-0-5594}

![Effects of 20(S)-PPD on the Akt pathway in HepG2 cells. (A) HepG2 cells (4×10^5^ per ml) were treated using 0, 40, 50 and 60 µM of 20(S)-PPD for 24 h and the expression of Akt and p-Akt were determined using western blotting. (B) Quantification of western blot analysis for p-Akt. All values are expressed as the mean ± standard deviation. \*P\<0.05 vs. the control group. C, control group; 20(S)-PPD, 20(S)-Protopanaxadiol; Akt, protein kinase B; p-, phosphorylated.](etm-15-02-1277-g06){#f7-etm-0-0-5594}
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